Abstract-A multi-relay assisted orthogonal frequency division multiplexing system with index modulation is proposed in this letter, assuming that amplify-and-forward (AF) relaying protocol is adopted at relays. Two commonly used AF protocols are considered: 1) fixed-gain AF and 2) variable-gain AF relaying protocols. To utilize relays in an efficient manner, we also employ two multi-carrier relay selection schemes termed bulk and persubcarrier relay selection in the proposed system. We analyze the outage performance of the proposed system and derive closedform expressions of the average outage probabilities (AOPs) for all cases with different AF relaying protocols and multi-carrier relay selection schemes. In addition, we obtain the asymptotic expressions of AOPs in the high signal-to-noise ratio region, by which it is proven that the full diversity gain equaling the number of relays is attainable.
modulation (OFDM-IM), as a physical layer based solution, was proposed in [3] and it rapidly drew the attention from academia and industry [4] . Different from the classic OFDM and other modulation schemes that only exploit the amplitude and phase dimensions, OFDM-IM introduces a new modulation dimension termed the index dimension and 'piggybacks' additional information by the indices of subcarriers or subcarrier activation patterns (SAPs). By properly configuring system setups, OFDM-IM is able to outperform the classic OFDM in terms of spectral efficiency [5] .
However, compared to another rising index modulation scheme-spatial modulation (SM), OFDM-IM has a lower energy efficiency. To alleviate this shortcoming, decode-andforward (DF) cooperative relaying is introduced to enhance the transmission of OFDM-IM systems and harvest spatial diversity by relay selection [6] , [7] . Although DF relaying is mathematically tractable, when it comes to practical realizations, some constraints may occur to hinder its implementation, especially in the IoT and MTC networks, where a large number of power-limited and/or complexity-limited nodes exist. Apart from DF cooperative relaying, amplify-and-forward (AF) relay selection has also been proved to be able to harvest diversity gain for generic cooperative systems with even lower complexity [8] [9] [10] . 1 Therefore, to provide an easy-to-implement and practical approach to enhance the system reliability and harvest selection diversity for relay assisted OFDM-IM systems, we propose the multi-relay assisted OFDM-IM system, in which AF relaying protocol is adopted and multi-carrier relay selection is used to deploy all relays in an efficient manner. In particular, we consider two AF relaying strategies: fixed-gain (FG) AF and variable-gain (VG) AF relaying. Two commonly used multi-carrier relay selection schemes [11] , termed the bulk and per-subcarrier (PS) relay selections are adopted, and the outage performance of the resultant systems is analyzed in this letter.
II. SYSTEM MODEL We consider a single source, L AF relays (the set of AF relays is denoted as L = {1, 2, . . . , L}) and a single destination, which constitute a commonplace two-hop cooperative network. In order to carry out relay selection, it is supposed that CSI is available at both source and destination in a slow fading environment. Based on the known CSI, by certain multi-carrier relay selection scheme, a subset of AF relays is selected to act as intermediate nodes between source and destination. 2 We assume a scenario without direct communication link between source and destination. In addition, we suppose that the half-duplex forwarding protocol is accepted by all AF relays, and thereby two orthogonal time slots are indispensable for one complete transmission attempt. Besides, a sufficiently long cyclic prefix (CP) is inserted in the transmit OFDM block to yield N independent subcarriers (the set of subcarriers is denoted as N = {1, 2, . . . , N }).
Unlike the classic OFDM that uses all subcarriers to transfer data symbols, OFDM-IM keeps only part of the subcarriers as active, all depending on the incoming information bit stream. Namely, OFDM-IM separates a complete bit stream into two parts: the heading bit stream and the subsequent bit stream. The former is mapped to a SAP, and the latter is mapped to data symbols carried on active subcarriers. In this letter, all incoming bits are supposed to be equiprobable without loss of generality. As the kernel of OFDM-IM, in the following, we explain the mapping procedure. First, taking into account all available subcarriers in N , we stipulate that an intact SAP is constituted by N subcarrier activation states. T out of N subcarriers are afterword assigned to be activated and they create the activation subcarrier subset 3 T (k ), where k represents the index of SAP. Evidently, there are K = N T unique SAPs (the set of SAPs is denoted as K = {1, 2, . . . , K }), which can be used to represent B S = log 2 N T bits as the heading bit stream and · is the floor function. Meanwhile, as the numbers of SAPs in use must be the power of two because of the duality of a single bit, we have to shrink the full set K to the set of U with U = 2 B S selected SAPs. Note that, there exist a variety of methods mapping bit sequences to U SAPs, including the look-up table method, the combinatorial method, and adaptive methods [3] , [13] [14] [15] . For simplicity, we adopt the look-up table method in this letter. Since different data symbols can be carried by different active subcarriers, T M-ary amplitude-phase modulated (APM) data symbols are carried on these T active subcarriers in order to enable their full exploitation and raise the spectral efficiency. The set of M-ary data symbols is denoted as M. Obviously, we have B M = T log 2 (M ), and the total transmission rate in bit per channel use (bpcu) is calculated by
To represent a unique SAP k and T data symbols borne on the T active subcarriers, we generate a transmit OFDM block by an N-point inverse fast Fourier transform (IFFT) to be
where m n ∈ M denotes the index of data symbol carried on the nth subcarrier; the entry x (m n , n) of the transmit OFDM block x(k) is a normalized M-ary data symbol (i.e., x (m n , n)x (m n , n) * = 1), if the nth subcarrier is activated, or zero otherwise. The received signal on the nth active subcarrier at the lth AF relay can be written as y 1 
, where w 1 (n, l ) denotes complex additive white Gaussian noise (AWGN) sample with average noise power N 0 ; P t /T is the uniform PS power; h i (n, l ) represents the channel coefficient of the nth subcarrier forwarded the by the lth AF relay over the ith hop. As all channels are assumed to be slow and Rayleigh faded, the channel power gains G i (n, l ) = |h i (n, l )| 2 are supposed to be independent and identically distributed (i.i.d.) random variables and exponentially distributed with mean μ i for the ith hop. Therefore, we can express the probability density function (PDF) of channel power gains as f G i (ζ) = exp(−ζ/μ i )/μ i and corresponding cumulative distribution function (CDF) as
After receiving y 1 (m n , n, l ), the lth selected AF relay simply amplifies the received signal and produces the retransmitted signal as z (m n , n, l ) = Γ (·) y 1 (m n , n, l ), where Γ (·) is the amplification gain, which can be explicitly given for classic FG AF and VG AF relaying strategies as [16] . Alike the circumstance at relays, the signal received on the nth subcarrier at the destination, which is forwarded by the lth relay is given by y 2 (m n , n, l ) = h 2 (n, l )z (m n , n) + w 2 (n), where w 2 (n) denotes the complex AWGN sample, which shares the identical statistical property as w 1 (n, l ). Consequently, the end-to-end SNR for the nth active subcarrier forwarded by the lth relay at the destination can be expressed by a general
, which can also be explicitly expressed for FG AF and VG AF relaying schemes by replacing Γ (·) with Γ F and Γ V respectively:
For relay selection, two fundamental and widely implemented multi-carrier relay selection schemes are considered in this letter, which are the bulk and PS relay selection schemes [6] . When employing bulk relay selection, all active subcarriers are received and forwarded by only one single relay, whereas PS relay selection assigns multiple (up to T) relays to forward different active subcarriers on a PS basis. The selection criteria of both multi-carrier relay selection schemes can be modified for multi-relay assisted OFDM-IM systems to be
III. OUTAGE PERFORMANCE ANALYSIS A. Preliminaries
To investigate the outage performance of multi-relay assisted OFDM-IM systems in a holistic manner, we provide a system-level interpretation of the outage event considering the multi-carrier, multi-hop and multi-relay scenarios [17] .
Remark 1: An outage event occurs once the end-to-end SNR of any active subcarrier falls below an outage threshold s.
This gives the conditional outage probability (OP) on the kth SAP after performing multi-carrier relay selection by
where P{·} represents the probability of the random event enclosed and l(n) stands for the index of relay selected to forward the nth subcarrier, given n ∈ T (k ). We herewith express the average OP (
E{·} represents the mean of the random variable enclosed. AOP is of high importance and can be used as an essential as well as handy metric for assessing the reliability of multicarrier communication systems. We hereby adopt AOP as the performance assessment metric in the following analysis.
To derive the AOP defined above, we first have the a priori conditional OP given by Φ (·) (s|k ) = P{γ (·) (n, l ) < s} for both FG AF and VG AF relaying in (3) at the top of this page [16] , where K ν (·) denotes the νth order modified Bessel function of the second kind. From (3), we can observe that the condition on SAP k has been removed, since all subcarriers are i.i.d. and the number of active subcarriers is fixed to T. Consequently, all SAPs are statistically equivalent. By this property, we thereupon deduce
which it is clear that the outage performance of the proposed OFDM-IM system is dependent on the number of active subcarriers T, rather than the number of total subcarriers N.
B. Bulk Relay Selection
According to (1) and fundamentals of order statistics, it is straightforward to express the a posteriori OP conditioning on bulk relay selection by 4
which is also the AOP when bulk relay selection is employed in accordance with what we derived in Section III-A. To scrutinize the relation among the outage performance and key system parameters and configurations, we resort to the power series expansion in (4) at high SNR (i.e., let P t → ∞) and derive the asymptotic expression (the leading order term) of (4) for both FG AF and VG AF relaying schemes to be
where γ ≈ 0.577 is the Euler-Mascheroni constant. 4 The detailed derivation steps of (4) as well as (6) in the sequel can be found in [11] for a similar scenario of classic relayed OFDM systems.
C. Per-Subcarrier Relay Selection
The a posteriori OP, i.e., the AOP, conditioning on the PS relay selection can be likewise obtained according to (1) as
One more time, power series expansion is performed at P t → ∞ to yield the asymptotic expression of (6) at high SNR for both FG AF and VG AF relaying to be
From these derived asymptotic expressions given in (5) and (7), it is evident that the full diversity gain equaling the number of AF relays L can be achieved for both AF relaying schemes when either bulk or PS relay selection is in use.
IV. SIMULATION RESULTS AND DISCUSSION To substantiate the outage performance analysis presented in Section III, we carried out numerical simulations by Monte Carlo methods and present the simulation results with discussions in this section. We set up N = 8 and normalize s, N 0 , μ 1 and μ 2 so as to be general (i.e., s = 1, N 0 = 1, μ 1 = μ 2 = 1). The APM scheme adopted on all active subcarriers is binary phase-shift keying (BPSK). The simulation results of AOP versus the power ratio P t /N 0 for various cases with different relay selection schemes, AF relaying protocols and configuration parameter sets {T, L} (the numbers of active subcarriers and relays) are illustrated in Fig. 1 .
From Fig. 1 , several key observations are discussed as follows. Above all else, the derived outage performance expressions of the proposed multi-relay assisted OFDM-IM system given in (4) and (6) have been verified by the simulations provided. This is certified by excellent matching between simulation and analytical results. Just as important, with an increasing power ratio P t /N 0 , the asymptotic results approach the simulation results, thus verifying the asymptotic performance analysis. Besides, the simulation results confirm that the full diversity gain equaling the number of relays L is attainable at high SNR. In addition, the outage performance superiority of PS relay selection over bulk relay selection can also be illustrated by comparing the simulation results denoted by black and blue markers, which is resulted by a higher coding gain via the multi-relay selection mechanism.
Furthermore, we illustrate the effects of different relaying protocols on the outage performance of relay assisted OFDM-IM systems employing multi-carrier relay selections in Fig. 2, given {T, L} = {2, 2}. Apart from the classic FG AF and VG AF relaying schemes analyzed in this letter, we adopt the DF relaying as the comparison benchmark. The comparison among various relaying protocols well reflects the trade-off between system complexity and outage performance. The DF relaying that requires the full instantaneous CSI has the best outage performance and serves as a lower bound on AOP compared to AF relaying protocols. The FG AF relaying that requires the least CSI (only the statistical CSI for the first hop) has the worst performance. Therefore, in practical communication networks, which relaying scheme should be adopted depends on the channel unpredictability, limits on system device complexity and energy consumption as well as the required performance. It would be difficult to ascertain whether one outperforms the others in general.
V. CONCLUSION In this letter we proposed a multi-relay assisted OFDM-IM, applying AF relaying and multi-carrier relay selection, as a solution with the significant potential to enhance the system reliability in new network paradigms, where a large number of simple, power-limited and/or complexity-limited nodes exist (e.g., MTC networks and the IoT). We analyzed the outage performance of the proposed systems and corroborated all analytical results through numerical simulations.
